ABSTRACT When a full duplex (FD) system is used in a multi-cell environment, the simultaneous transmission and reception cause an increase in inter-cell interference compared with half duplex (HD) systems. This problem is more severe in ultra-dense small cell network (UDN) environments where small cells are extremely dense. Therefore, the performance gain of FD transmission over traditional HD transmission is significantly degraded by this increase in inter-cell interference. To overcome the performance loss, we consider a new FD operation that can avoid the increased inter-cell interference caused by FD use. The basic idea involves separating the small cell base stations into two groups and using half of the communication resources in a manner similar to HD systems. We compare the performance of conventional HD and FD with the proposed scheme in terms of network throughput. Network throughput physically refers to the total throughput per unit area of the network. The simulation results consider indoor and outdoor scenarios and show that our proposed scheme outperforms conventional FD and conventional HD.
I. INTRODUCTION
Full duplex (FD) systems have recently been receiving significant attention from academia and industry as an attractive option for 5G technology. Compared to half duplex (HD) systems, in-band FD systems simultaneously transmit and receive data on the same frequency band [1] , [2] . Ideally, FD transmission should be able to double spectral efficiency compared to conventional HD transmission [3] .
In addition, ultra-dense small cell networks (UDN) are considered to be one of the key directions for 5G technology. It is predicted that the UDN concept will be applied after 2020 [4] - [7] . A massive number of small cells will then be deployed horizontally and vertically.
If the FD system is used in a UDN, the FD transmitter can communicate using a small amount of transmit power due to the short cell range of the small cell. With this small transmit power, reducing self-interference (SI) to noise levels becomes much easier. In these FD UDNs, inter-cell interference is more dominant than SI. In particular, due to the simultaneous transmission and reception, the number of streams of intercell interference in the FD UDN is twice that in the HD UDN.
Several works have been published in academia on efforts related to the FD UDN [8] - [12] . In [8] , the throughput of the FD multi-cell is compared with that of the HD multicell, and the HD outperforms the FD due to multiple-input multiple-output (MIMO) spatial multiplexing gains. Also, the impact of the doubled inter-cell interference on FD small cell networks is shown in [9] , where an advanced interference suppression receiver is considered as an approach for removing its heavy impact. In [10] - [12] , FD performance in UDNs is investigated with system level simulation. System level results indicate that there is a trade-off between the MIMO spatial multiplexing of HD systems and the simultaneous transmission and reception of FD systems [10] . In [11] , a system level simulator with real channel measurements is used to estimate the effective performance gain of FD compared with traditional HD in a real scenario of dense small cells. In [12] , the SI cancellation capabilities are shown using a real demonstrator and these results are reflected in system level results. A common finding throughout these studies is that the performance gain of FD over traditional HD transmission is significantly degraded by the increase in inter-cell interference due to the simultaneous transmission and reception.
The studies we introduced above show the performance limitation of FD in terms of throughput. Therefore, we propose a new FD operation that can overcome the performance limitations of the FD in the interference-limited environment. The basic idea underlying the proposed scheme involves separating the small cell base stations (BS) into two groups to reduce the number of interference streams compared to conventional FD. We use network throughput to evaluate the performance of the UDN. Network throughput physically refers to the total throughput per unit area of the network. Simulation results where we considered indoor and outdoor scenarios show that our proposed scheme outperforms conventional FD and conventional HD.
II. SYSTEM MODEL A. ULTRA-DENSE SMALL CELL NETWORKS
We consider a UDN [4] , where the BSs are distributed according to a stationary process B with spatial density λ in a finite two-dimensional plane. Macro BSs are layered with small cells. We consider the Cell Type 3 scenario described in [13] , which means the macro BSs use different frequency bands than the small cell BSs. The macro BSs are thus outside the scope of this work. The term 'BS' used hereinafter refers to a small cell BS.
In this paper, two different BS deployment scenarios are considered for the UDN -indoor and outdoor scenarios [4] , [6] . The indoor scenario is defined as one where low-powered indoor small cells like femto cells are deployed by individual users or enterprises in indoor settings. The outdoor scenario is defined as a situation involving high-powered outdoor small cells like pico cells installed by mobile operators. In these scenarios, the small cell BSs have low computing power compared with the macro cell BSs and have a backhaul link to the core networks via consumer broadband connections such as digital subscriber lines (DSL), cable, or fiber.
For the indoor scenario, we consider the dual-stripe urban model with random number of uniform floors between 2 and 5 to reflect indoor propagation and penetration loss by multiple walls [14] . As shown in Fig. 1 , each floor has two stripes of apartments, with 10 rooms for each stripe. The size of a single room is 10 m × 10 m, and there is a street between the two stripes of apartments that is 10 m in width. In this way, we can model a single building with a random number of uniform floors between 2 and 5. To place each building, we consider the Qualcomm indoor model [5] . We make a square grid with distance 60 m and randomly select building position from the points on the grid with spatial density λ BL , where λ BL means the number of buildings per unit area. The BSs are uniformly distributed inside the apartments. Each BS has at least one user equipment (UE) within the same apartment and the set of the UEs is denoted as U .
We use Keenan-Motley multi-wall models for indoor propagation and penetration loss by multiple walls [5] , [14] . The pathloss between transmitter and receiver in the same and a different building can be given by, respectively,
where d is the distance between transmitter and receiver in meters; χ is a random variable with uniform distribution (0, 25); L iw and L ow are inner wall and outer wall penetration losses, respectively; q iw and q ow are the number of inner walls and outer walls between the transmitter and receiver. The ceiling between the floors is considered to be an inner wall.
For the outdoor scenario, we consider the Poisson point process (PPP) for modeling the spatial distribution of the BSs. This means BSs are uniformly distributed across the entire region and the mean number of BSs per unit area is λ. The Poisson distribution is well-accepted as a spatial distribution model in a large-scale wireless network [15] . Fig. 2 shows one example of spatial distribution for outdoor environments. We assume that each BS contains at least one UE within its radius R s and denote U as the set of UEs [16] , [17] . The pathloss between transmitter and receiver in the outdoor environments is then given by [18] 
B. RECEIVED SIR
To measure the received signal to interference ratio (SIR), we arbitrarily select a typical UE and its associated BS as the UE and the BS of interest, denoted by UE 0 and BS 0 , respectively. Since a UDN is generally located in an interferencelimited environment [19] , we assume that the noise power is negligible in this paper. In the UDN, the received SIR of the UE 0 can be written as
where m ∈ {FD, HD}; P B and P U are the transmit power of the BS and the UE, respectively; δ i is the i.i.d. fading channel gain of the link, i.e., δ i ∼ exp(1); l (d) is the pathloss with distance d in the power scale depending on the propagation environments, such as outdoor environments, indoor environments, including the same and different buildings; d 0 is the distance between UE 0 and BS 0 ; d j is the distance between the receiver of interest and the node j. 1 FD is a FD indicator which means when m = FD, 1 FD = 1. β means the ratio of the residual SI where β = 0 denotes perfect cancellation.
If m = HD, 1 FD = 0 and β = 0. Similarly, the received SIR of the BS 0 can be given as
C. NETWORK THROUGHPUT
We use network throughput as the main metric for evaluating the performance of the UDN [4] . Network throughput is an important performance metric in UDN, because it allows us to see how the performance of the entire network varies with BS density. The network throughput can be defined as the average number of successfully transmitted bits per second per Hz per unit area, which is represented as [4] 
where λ is the BS density, p out is the outage probability, and R 0 = log 2 1 +γ is the target rate with a certain SIR thresholdγ . In (6), the outage probability can be defined as
Network throughput is actually reflected in performance only for links that satisfy quality of service (QoS) of the system. In the UDN environment where the FD system is applied, the doubled inter-cell interference leads to an increase in the number of links that do not satisfy the QoS of the system. In order to reflect this effect, it is necessary to use the network throughput as a performance metric.
III. CONVENTIONAL FD IN UDN
As mentioned earlier, the throughput gain of FD over traditional HD is significantly degraded by the increase in intercell interference. In this section, the performances of HD and FD are compared in terms of network throughput for outdoor scenarios.
A. NETWORK THROUGHPUTS OF CONVENTIONAL METHODS
In a UDN, the network throughput of the downlink (DL) in an HD system can be represented as
In this case, we have reflected the fact that the active time of the DL is half of the total time. From (8), the SIR threshold of the HD isγ HD = 2 R 0 − 1.
The successful transmission probability (1 − p out ) of the DL in the HD system can be expressed as
where
Proof: The proof is provided in Appendix A. Before representing the network throughput of the uplink (UL) in the HD system, an explanation is needed regarding the distribution of the UEs. In our system model, each UE is uniformly located within small cell radius R s . The position of the UEs is random independent displacement of the position of the BSs. The random independent displacement of a PPP forms another PPP [20] . Therefore, any analysis of the network throughput of the UL in the HD system can use the same process as that of the DL. Consequently, the result is that Pr γ UL HD ≥γ = Pr γ DL HD ≥γ .
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Using (8) and (9), the network throughput of the HD system can be represented as
Now let us consider the network throughput with FD system. Many studies have recently been conducted on SI cancellation in FD systems. These results show that the SI can be removed at the noise level [21] , [22] . In a UDN, noise level power can be ignored due to the nature of the interference-limited environment. In this section, therefore, we assume that the residual SI is negligible. The network throughput in an FD system can be represented as
where l ∈ {DL, UL}. From (12), the SIR threshold of the
The successful transmission probability of the DL in the FD system can be expressed as
And the successful transmission probability of the UL in the FD system can be written as
Proof: The proof is provided in Appendix B. With (12) , (13) , and (15), the network throughput of the FD system can be represented as
B. SIMULATION RESULTS FOR HD AND FD IN OUTDOOR SCENARIOS
To compare conventional FD and HD, we show the simulated network throughputs for outdoor scenarios. We assume the noise floor is −104 dBm, the small cell radius R s = 30 m, the transmit power of the BS and that of the UE are 26 dB and 23 dB, respectively. As mentioned before, the SI is suppressed to the noise level [21] , [22] . Therefore, the ratio of the residual SI is β = −130 dB in our simulations. 3 represents the network throughputs for FD and HD according to the residual SI β in an outdoor environment with R 0 = 1. When λ is high enough, the inter-cell interference is significantly stronger than the SI, and the effect of the SI on performance becomes negligible. If λ = 100, the FD receiver has to suppress the SI at least −100 dBm to achieve the maximum network throughput. It means that if the SI is canceled by 100 dBm, the effect of the SI on the performance becomes negligible. When λ = 3000, the FD system can obtain maximum performance with −80 dBm SI cancellation. This shows that if the SI is canceled by 80 dBm, the impact of the SI on performance is negligible. These results confirm that the use of FD in the UDN environment is less constrained by the SIC performance than in the case of the low density environment. Fig. 4 shows network throughputs for conventional FD and HD in an outdoor environment with R 0 = 1. When λ is low, the conventional FD shows better performance than the conventional HD. Under this condition, the advantage from using the full resources of the FD is more dominant compared to the degradation from interference by the FD. However, when λ increases, the gap between the HD and the FD decreases. In addition, the performance of the FD is almost the same as that of the HD at λ = 3000. Due to the simultaneous transmission and reception, FD systems suffer from inter-cell interference which is twice as strong as the inter-cell interference of HD systems. When the BS density is increased, the degradation from the doubling of the intercell interference becomes greater than the benefit from using full resources with cell densification. Accordingly, we need to explore how to mitigate this problem in UDNs.
IV. RESOURCE SPLIT FD FOR UDN ENVIRONMENT
In this paper, we propose a new FD operation in order to mitigate the heavy inter-cell interference in UDNs, which was discussed in the previous section. We begin by investigating the basic idea of the proposed FD operation and its practical feasibility with theoretical analysis.
A. BASIC IDEA BEHIND RESOURCE SPLIT FD
As depicted in Fig. 5 , the proposed FD operation is simple. We first divide the entire set of time and frequency resources into two resources with the same size. All BSs are spatially partitioned into two disjointed groups. In the first group, the BSs and UEs transmit and receive their data signals in the first half of the resources in a FD manner. Likewise, in the second group, the BSs and UEs perform the same operation in the second half of the resources in the FD fashion. In this way, we can considerably reduce the inter-cell interference in the UDN environment as shown in Fig. 6 . Compared to the HD system, each small cell can avoid the nearest interferer with the grouping algorithm which is explained in next subsection. In this paper, we refer to this type of FD operation as resource split (RS) FD. 
B. GROUPING METHODS IN THE PROPOSED RS FD
When operating with proposed RS FD, how the set of all BSs is divided into two groups is very important. Since the BSs within the same group utilize the same resources in
Algorithm 1 Sequential Grouping Algorithm
Input:
the RS FD, a well-designed grouping method can alleviate the inter-cell interference. Let us denote (G 1 ) and (G 2 ) as the first and second group utilizing the first half and second half of the resources, respectively. In this paper, we will consider two grouping methods: random grouping and sequential grouping.
• Random grouping: Random grouping is where each BS randomly selects its group from among group1 (G 1 ) and group2 (G 2 ) with the same probability. With this method, the BSs can simply divide into groups without any complicated additional process. Random grouping also operates in a decentralized way. Therefore, there is no need to exchange signals containing group information.
• Sequential grouping: Sequential grouping is based on knowing the location information for the UDN BSs. In our system model, the macro BSs coexist with UDN BSs and share the location information of the UDN BSs. When an arbitrary UDN BS is set as a reference BS, the reference BS is defined as the first BS. The macro BS searches for the UDN BS closest to the reference BS. This closest BS is defined as the second BS. Among the non-selected BSs, the macro BS finds the nearest BS to the second BS, and selects it as the third BS. By repeating this process, we can arrange all of the BSs in order. The BSs are then divided into two groups which are G 1 , containing odd-ordered BSs, and G 2 , containing even-ordered BSs. The sequential grouping is summarized in Algorithm 1. We define the number of UDN BSs in our system as N , set of ungrouped BSs as G 0 , and the distance between BS i and BS j as d ij .
C. LOCATION INFORMATION OF SMALL CELL BSS
For the sequential grouping, the proposed approach requires the core network to know the locations of the small cell BSs. It is important to describe how accurate location information is obtained for all the BSs under consideration. For that VOLUME 6, 2018 purpose, we will introduce a few methods here that can be used to collect femto cell location information [23] .
The simplest of these is using the global positioning system (GPS). Some femto cells have GPS or assisted-GPS capabilities. These types of BSs can provide more accurate location information to the operators.
The operator can also use IP addresses to find the locations of femto cells. Specifically, many broadband access providers assign their pool of public IP addresses based on the geographic locations of the users, and the user's IP address remains relatively static for a long period of time. The core networks of operators can then query the network database to obtain the port number bound with the IP address, and then determine the location of the femto cell.
Another approach relies on the assistance of other BSs in the neighborhood whose locations are known to the core networks. When a femto cell BS is turned on, it scans for neighboring information such as cell ID, PLMN ID, and other information. If the femto cell can collect this information from more than three neighbors and report it, operators can determine the locations of the femto cells using triangulation method.
D. NETWORK THROUGHPUT OF RS FD
When the proposed method is used, the network throughput in an RS FD system can be represented as
where l ∈ {DL, UL}. From (18), the SIR threshold for RS FD isγ PR = 2 R 0 − 1. As described previous subsections, when the proposed scheme operates, all BSs are divided into two groups. Therefore, UL and DL of group1 (G 1 ) and group2 (G 2 ) with density of λ/2 are transmitted simultaneously. When the proposed RS FD with the random grouping algorithm is used, the successful transmission probability is easily obtained by replacing λ with λ/2 in the successful transmission probability of the conventional FD system. If P B = P U , the successful transmission probability of the RS FD system with the random grouping algorithm can be written as
When P B = P U , the successful transmission probability of the RS FD system with the random grouping algorithm can be written as
With (18), (19) , and (20), the network throughput in the RS FD system can be represented as
Using (13) and (20), we compare the network throughput of the conventional FD system and that of the RS FD system with the sequential grouping algorithm. In the case of the proposed sequential scheme, we derived the lower bound for the performance comparison. When the RS FD system with the sequential grouping algorithm is applied, each BS chooses the resource which is not selected by the nearest BS. As a result, the strongest interference among the interferences received when using the conventional FD can be avoided. If we assume that the node of conventional FD system receives interference from N cells, the proposed scheme will receive interference from N 2 cells in the same setup. The total interference generated from N − 1 cells excluding the nearest cell among the N cells in conventional FD system is used as lower bound of the RS FD system with the sequential grouping algorithm.
Then, the lower bound for the SIR of the RS FD system with the sequential grouping algorithm can be written as
where I 1 is the interference from the nearest cell. We define k as k = I 1 I FD and the lower bound for the successful transmission probability of the RS FD system with the sequential grouping algorithm is represented as
And the lower bound for the network throughput of the RS FD system with the sequential grouping algorithm can be expressed as
Withγ FD =γ PR = 2 R 0 − 1, (12), and (24), after some algebraic manipulation, S DL PR > S DL PR,LB > S DL FD is equivalently converted into
The UL case can also be derived in the same way as the DL case shown above. From (25), we can say that the network throughput of the RS FD system with the sequential grouping algorithm is better than that of the conventional FD for a sufficiently large λ satisfying the above conditions.
V. NUMERICAL RESULTS
As mentioned above, we considered two simulation scenarios in UDN: outdoor environment and indoor environment. For outdoor scenario, we exploited PPP framework for BS deployment, which has been popularly used for modeling small cell network [7] , [16] , [17] , [19] , [24] . For indoor scenario, we utilized dual-stripe apartment block model for dense urban city, which was certified by 3GPP standard [5] , [14] . Range of the BS densities was widely considered from 200 to 3000. Table 1 summarizes the system parameters. 
FIGURE 7.
Comparison of network throughput and BS density for the outdoor scenario at R 0 = 3. Fig. 7 shows the network throughput performances with respect to the BS density λ in an outdoor environment with R 0 = 3. When the BS density increases, the performance gain of conventional FD over HD is degraded by the increase in inter-cell interference. Our proposed schemes can overcome this limitation. The proposed RS FD with the sequential grouping algorithm shows better performance than the conventional FD by about 35.9% and 35.2% at λ = 1000, 3000, VOLUME 6, 2018 respectively. The performance gain of the proposed scheme derives from the fact that the inter-cell interference is reduced given that the number of BSs sharing resources is decreased by half, and that the sequential grouping algorithm is able to avoid the most severe interference. When the sequential grouping algorithm is applied, each BS and its nearest BS are arranged to different groups and it is possible to avoid the strongest interference from the nearest BS. With the random grouping algorithm, there is 50% chance of assigning a BS and its nearest BS to the same group. According to the simulation results, the power of interference from the nearest BS is about 63% of the power of total inter-cell interference and it has a significant impact on system performance. Therefore, the sequential grouping algorithm can obtain better performance than the random grouping algorithm. Fig. 8 illustrates the network throughput performances with respect to the BS density λ in an indoor environment with R 0 = 5. When the BS density is low, the conventional FD shows better performance compared to HD. The inner and outer walls weaken the effect of the inter-cell interference in the indoor scenario compared to the outdoor scenario. Similar to the result of the outdoor case, the gap between the conventional FD and the HD closes as the BS density increases. When λ < 1000, the network throughput of the conventional FD is better than the network throughputs of the proposed schemes. The performance gain of the proposed scheme comes from the reduction in inter-cell interference. In this experimental environment, the effect of inter-cell interference is small. Therefore, the gain of the proposed scheme becomes smaller than in Fig. 7 . When λ > 1000, the proposed RS FD with sequential grouping algorithm shows better performance than the conventional FD. The proposed RS FD with sequential grouping algorithm shows better performance than the conventional FD by about 63.4% at λ = 3000. UL traffic utilization probability. In this asymmetric traffic model, we assume that the DL always has data to send and the UL has data to transmit probabilistically. UL traffic utilization is defined as the probability of having UL data to transmit. Also, we consider that the HD uses UL and DL resources divided by the ratio of the probability of traffic. When there is no UL traffic, the DL of the HD uses all the time resources because there is no UL transmission data, and in this case the HD and the conventional FD show the same performance. Conventional FD and HD have small increases in performance as traffic increases. This is because the performance gain from UL activation is almost the same as the performance loss caused by the new inter-cell interference. Unlike the conventional schemes, the performance of the proposed schemes increases steadily as UL traffic increases. The proposed RS FD with the sequential grouping algorithm shows better performance than the conventional FD by about 18.9% and 33.2% at µ = 0.5, 1, respectively. From this result, we can see that the proposed scheme is robust against inter-cell interference. Fig. 10 (a) illustrates the network throughput performances according to the target rate R 0 in an outdoor environment with λ = 1000. The overall tendency is that when R 0 is low, the network throughput also increases as R 0 increases. This is because, from (6), the performance gain from increasing R 0 is larger than the performance loss due to the increasing outage probability. When R 0 increases,γ = 2 R 0 − 1 also increases, and is related to the outage probability. When R 0 increases beyond a certain value, the network throughput decreases as R 0 increases. In this case, the performance loss from the increasing outage probability is larger than the performance gain from the increasing R 0 . This is becauseγ increases exponentially as R 0 increases. Comparing the conventional FD with the HD, the network throughput gain achieved by using conventional FD decreases as R 0 increases. And the RS FD with sequential grouping algorithm shows a roughly 36.5% and 41.4% better performance than conventional FD with R 0 = 5, 10, respectively. With the asymmetric traffic model, the conventional FD and the HD show almost the same performance. Conversely, the proposed scheme shows a performance loss when R 0 is small, and the performance loss tends to decrease as R 0 increases. When the UL traffic decreases, the number of UL transmissions decreases, producing two effects. The performance is reduced by the number of ULs that are turned off, and increases as the inter-cell interference is reduced. With the conventional FD and the HD, the impact of the performance degradation is almost the same as the impact of the performance increase. With the proposed scheme, the impact of the performance degradation is greater than the impact of the performance increase. Fig. 10 (b) demonstrates the network throughput performances according to the target rate R 0 in an indoor environment with λ = 2000. Compared to the outdoor scenario, the value of the target rate which shows the best performance is shifted to the right. In detail, the best performance of the conventional FD and the HD appear when R 0 = 3, and that for the RS FD appears when R 0 = 4. The reason for these results is that as the intensity of the inter-cell interference is weakened due to the walls, the SINR improves and it is possible to satisfy the higher target rate. Furthermore, as the target rate increases, the performance of the conventional FD and the HD becomes more and more similar. Unlike the outdoor environment, the conventional FD shows the best performance in the indoor environment where R 0 ≤ 3. This is because the SINR of conventional FD is made good enough by decreasing the inter-cell interference, enabling the conventional FD to use its full set of resources. This fact makes it possible to determine which scheme is best to use when the BS density and the target rate are set as system parameters. The RS FD with proposed algorithm delivers 44.1% and 233.0% better performance than conventional FD with R 0 = 5, 10, respectively.
Thanks to the inter-cell interference reduction effect due to the walls, the performance of the conventional FD and the RS FD are degraded under the asymmetric traffic model. In the HD case, when R 0 ≥ 6, performance improves with the asymmetric traffic model. This is because the performance loss caused by the number of ULs that are turned off is smaller than the performance gain due to the inter-cell interference reduction.
VI. CONCLUSIONS
In this paper, we investigated a way forward to improve the network throughput, when FD is employed in UDN environment. Specifically, we first identified that the performance gain of FD over HD is significantly reduced with cell densification. Our proposed a new FD operation, called RS FD, can effectively alleviate the heavy inter-cell interference caused by FD use. The basic idea behind the proposed RS FD is to divide the set of small cells into two groups, with each group using half of the available resources. In UDN environment, the proposed RS FD outperforms the conventional FD and HD in both outdoor and indoor scenarios. On the basis of this paper, there will be several research topics as follows: performance analysis of RS FD, combination with advanced power control method, and consideration of multiple antennas.
APPENDIX A PROOF OF THEOREM 1
In the HD system, the received SIR of the UE 0 can be written as
where α is the pathloss exponent and I HD is the aggregate interference of the HD system. The aggregate interference of the HD system can be presented as VOLUME 6, 2018 Then, the successful transmission probability (1 − p out ) of the DL in the HD system is given by [24] .
where L I k (s) is a Laplace transform of the probability distribution function (PDF) of I k . L I HD (s) , ∀s > 0 can be represented as [25] .
Therefore, by using (28) and (29), we can obtain
APPENDIX B PROOF OF THEOREM 2
In the FD system, the received SIR of the UE 0 can be written as
where I FD is the aggregate interference of the FD system. The aggregate interference of the FD system can be presented as 
where (x) is Gamma function (x) = ∞ 0 t x−1 e −t dt and G i = P B δ BSi + P U δ UEi . If P B = P U , E G i G i 2 / α can be written as
In this case, the successful transmission probability of the DL in the FD system is represented as 2 / α
When P B = P U , E G i G i 2 / α can be written as
In this case, the successful transmission probability of the DL in the FD system is represented as 
where P R = P U /P B , K 3 (α) is
With (36) and (39), the successful transmission probability of the UL in the FD system can be written as 
where P R = P B /P U , K 3 (α) is
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